ABSTRACT: In this article the results of experimental works pertaining to the crash behavior and crashworthiness characteristics of a novel multi-cell cost-effective crashworthy composite sandwich structure are presented. All the samples are based on the concept of the 'triple-layered' foam-filled block, i.e., three polyurethane foam core sheets, which are wrapped by reinforcement fiberglass woven fabric, that acts as the reinforcement face and meanwhile ties the foam layers and faces together, thus preventing catastrophic failure. The design, manufacturing, and crush testing of rectangular blocks are described. Experimental results indicate an efficient progressive collapse mechanism with high values of crushing force efficiency and specific energy absorption.
INTRODUCTION T
HERE ARE A number of potential economic and functional benefits for both the consumer and the manufacturer to be derived from the use of fiber-reinforced plastic (FRP) composite materials in automobile and aircraft construction. The gains arise through increased strength and durability features to weight reduction and lower fuel consumption [1, 2] . Crash energy management is one of the primary design requirements that the body structure must meet. In particular, researchers' attention has been directed towards the improvement of structural vehicle crashworthiness by using FRP composites in specific vehicle parts as collapsible absorbers of crash energy, i.e., as structural members that are able to absorb large amounts of impact energy, while collapsing progressively in a controlled manner [3, 4] .
For many years, cost-effective sandwich structures have found proven application in the aerospace and automotive industries. Conventional sandwich panels, typically consisting of two thin, stiff fiberglass facings separated by a lightweight polymer foam core, are known to provide extremely efficient lightweight structures. However, under high energy impact loading, they often behave in a brittle and somewhat unpredictable manner. Furthermore, the fiberglass facings have a tendency to debond from the core leading to a sudden loss of all load-bearing capacity and subsequent catastrophic failure [5] . A novel method using everting means to control failure of sandwich panel has been reported previously by Taher et al. [6] . Longitudinal edges of sandwich faces are disposed with an everting means, characterized of having a groove whereby during an event of crash load, the face feeds to everting means along the groove and buckles, thus creating progressive energy absorption. Efficiency of crushing mechanism depends on controlling face-edge buckling. A set of designs based on the concept of the 'tied-core' sandwich, i.e., the use of additional core reinforcements that act to tie the opposing facings of a sandwich together, has been tested by Pitarresi et al. [7] .
The main objective of this present investigation is to study the crash behavior and crashworthiness characteristics of a series of novel triple-layered composite sandwich structures that have been specifically designed to fail progressively with efficient energy absorption. Furthermore, effect of three different types of trigger mechanism on crashworthiness characteristics is evaluated.
EXPERIMENTAL

Conceptual Design
During edgewise crushing, the fiberglass facings of conventional sandwich structures have a tendency to debond from the foam-core leading to a sudden loss of all load-bearing capacity and subsequent catastrophic failure. In current structure, fiberglass fabric wrapped around three foam layer cores prevent core-to-facing debonding, i.e., during axial crashing, debonding tendency is controlled by hoop stress in fiberglass layers. In these designs, internal fiberglass fabrics are integrated within the core. Not only does this extra reinforcement provide increased stiffness and strength, but it also acts to tie the opposing facings of the sandwich together.
A designation code shows the configuration characteristics of a test specimen. For example, 13, the first two digits of the block designation 13-60 Â 40 Â 150 V, indicates the block type design; 1 indicates one block in specimen structure and 3 shows triple-layered configuration. The next data, i.e., 60, 40, and 150, indicate width, thickness, and length in mm, respectively. Also the last character shows trigger type; 'V' for bevel trigger or V type, 'I' for groove trigger or I type, and blank indicates a specimen without triggering modification. An overall picture of the shape and dimensions of the test specimens is given in Figure 1 .
Triggering Mechanism
As reported by Thornton [4] , composite structures generally require a collapsed trigger mechanism to promote stable, progressive crushing. Otherwise, sudden catastrophic failure can occur. Generally, collapsed trigger mechanisms create a region of locally elevated stress at one end of the block from which failure initiates and then propagates. Two types of collapse trigger mechanism were investigated:
1. Two straight cut-outs with width and depth 3 and 5 mm, respectively, to one end of the specimen that trim internal fiberglass laminates (a so-called groove trigger or I type trigger as shown in Figure 2 (a). 2. Two chamfer cut-out (5 Â 5 mm) to two opposite corners of one end of the specimen perpendicular to intermediate fiberglass reinforcements in the name of bevel trigger or V type as depicted in Figure 2 (b).
Specimen Manufacturing
The main fabrication steps for the keel beams are described in Figure 3 and consist of:
1. Core preparation: Core of the sandwich block is made of polyurethane foam with density of 47 kg/m 3 . Foam sheets with required thickness were cut to desired size and were ready to be covered by reinforcement fabric as shown in Figure 3 (a). 2. Fiber reinforcement: The fiber type used was E-glass woven roving cross ply fabric, 200 g/m 2 approximately 0.2 mm thick mixed by epoxy resin and wrapped about core layers to fabricate a triple-layered block (Figure 3(b) ). Fiber orientation was AE458 to the block axis, due to fabrication constraints. 3. Sizing: After curing, the block was cut to desired length (Figure (3c) ) and glued on to a rectangular plywood base. 
Triggering modification:
For the specimen with a groove trigger (I type), two straight cut-outs with width and depth 3 and 5 mm, respectively, grooved by machining or bench saw to one end of the specimen that trim internal fiberglass laminates ( Figure 2 (a)). Bevel trigger cut-out by machining or belt saw with 5 Â 5 mm dimensions over two opposite corners of one end of the specimen perpendicular to internal fiberglass reinforcement ( Figure 2 (b)). For a specimen without triggering mechanism no modification was needed.
Equipment and Procedure
The axial compressive testing of the composite sandwich blocks was performed in a standard 30kN INSTRON 5567 testing machine. No special fixtures -such as clamping devices -were used for the tests apart from the flat cross-heads of the press. All tests were performed at quasi-static conditions, i.e., constant throughout the test cross-head speed equal to 20 mm/min. A general picture of the load-displacement curve and parameters is presented in Figure 4 . From the load-displacement curves that were recorded directly during the testing studies the following compressive characteristics of the test specimens were calculated and recorded: . Peak load, P max . . Absorbed crash energy E, is the area under the load-displacement curve up to compaction zone, defined as:
. The post-crush displacement is total displacement up to the start of the compaction zone. . Specific absorbed energy (SAE) is the absorbed crash energy per unit of the crushed specimen mass m c (m c ¼A), defined as:
. Average crushing load P is the ratio of absorbed energy E to the post-crush displacement , defined as:
. Crush force efficiency (CFE) is defined as the ratio of the average crushing load P to the peak load P max . . Stroke efficiency (SE) is defined as the post-crush displacement to the total length of specimen L. . Maximum compressive strength max , defined as the peak load P max , to block crosssection area A. . Energy per stroke (EPS) defined as the absorbed crash energy E to the post-crush displacement .
Test Specimens
The fiber reinforcements were made from composite material formed by a woven roving E-glass fabric and epoxy resin. One hundred parts by weight of epoxy resin mixed with 50 parts by weight of epoxy hardener was used for the matrix. The fiber type used was E-glass woven roving cross ply fabric, 200 g/m 2 approximately 0.2 mm thick. The core of the block specimens is made of polyurethane foam with a density of 47 kg/m 3 . General dimension of specimen blocks and trigger mechanism are presented in Figures 1  and 2 . Regarding the specimen length, two types of specimens were tested: short and long blocks with length L equal to 100 and 150 mm, respectively. The width, W, of blocks was also variable, taking three distinct average values that were equal to 40, 60, and 80 mm. For specimens with two different thicknesses, T was approximately equal to 40 and 60 mm. The exact dimensions and trigger mechanism of all tested blocks are detailed in Table 1 , listed together against the specimen type codes. Fiber orientation was AE458 to the block axis.
Foam Blocks Test
Compressive and high strain rate properties of low density foams are widely studied in the published literature [8] [9] [10] [11] . Polyurethane foam-core samples (80 Â 50 Â 100 mm) with a density of 47 kg/m 3 were tested to study their energy-absorbing performance under quasistatic loading condition at 20 mm/min loading speed as shown in Figure 5(a) . The stressstrain curve of polyurethane foam was calculated from a load-displacement curve and is depicted in Figure 5 (b).
Sandwich Blocks Test
The load-displacement curves obtained by the axial compression test of the block specimens are depicted in the four diagrams of Figures 6 and 7 grouped per triggering mechanism, i.e., specimens without triggering mechanism (Figure 6 (a)), with bevel or V type trigger (Figure 6(b) ), and groove or I type trigger (Figure 7(a) and (b) ). Specimens of different length and cross-sectional dimensions are grouped in one diagram for specimens without trigger and with V trigger.
Representative photographs at various steps of the compression were taken during the testing of the blocks for test specimens without collapse trigger systems, with I type and V type triggering mechanisms and are shown in Figures 8(a), 9(a) , and 10(a), respectively. Moreover, combined diagrams of load P and crash energy absorption E variation during the test are shown in Figures 8(b) , 9(b), and 10(b).
DISCUSSION
Failure Mechanism
A progressive failure mechanism was observed during the composite sandwich specimens compression test, i.e., progressive folding with pivot formation similar to the ductile material behavior like metal and plastic rather than global column buckling which is usually observed when compressing brittle high aspect ratio structures [12] . It can be seen that, regardless of collapse triggering system, all the specimens collapsed in a stable, progressive manner. In each case, there was extensive fragile end-crushing in the region of the crush zone, but away from this zone the sandwich structures remained stable and undamaged. Specimens with three different collapse triggering mechanism were considered in the testing program: (i) non-triggered blocks, (ii) V type triggered specimens, and (iii) I type triggered samples. These triggering systems were found to significantly influence the initial load-displacement response of the specimens. In non-triggered specimens, the initial peak load P max , was higher than that of corresponding triggered specimens. Figure 11 presents the typical effect of triggering modifications on the pre-crush zone in the compression load-displacement curve of composite sandwich blocks. Corresponding experimental curves from actual test specimens are depicted in Figure 12 . 
Load/Energy Absorption Characteristics
The complete set of the crash load/energy absorption characteristics of the tested composite blocks, which includes the peak compressive force P max , the average compression load P, the absorbed crash energy E, the energy per stroke (EPS), the specific absorbed energy (SAE), the maximum compressive strength max , the crush force efficiency (CFE), and the stroke efficiency (SE), are depicted in Figures 13-16 . Error bars indicate standard deviation of character values of similar geometrical specimens. Each diagram combines two sets of characters of these load/energy characteristics to give a visual comparison.
Peak and Average Load
The peak and average compressive load diagram ( Figure 13 ) indicates peak compressive load P max and the average compressive load P per block type. The compressive peak and average load values are not dependent on the specimen length but they are related to cross-sectional dimensions and triggering mechanism. It can be seen that V type and I type triggered specimens with similar cross-section have almost similar peak and average loads. In this set of tests, maximum peak load and average load belong to specimen G13, were recorded as 5732 and 3376 N, respectively. Pure foam specimens showed obviously far less peak and average load values than reinforced specimens.
Amount of Absorbed Crash Energy and Strength
Total absorbed crash energy, E, and the EPS are depicted in Figure 14 . The absorbed energy fluctuates from 136 to 405 J per reinforced specimen. But energy absorbed changed smoothly per stroke from 1.89 to 3.38 J/mm. Energy absorption and EPS by foam block is clearly far less than the reinforced specimen. Figure 15 indicates the SAE and maximum compressive strength, max , values per specimen type. It can be seen that the maximum compressive strength varied from 0.93 to 3.43 MPa and specific absorbed energy changed from 6.72 to 12.78 kJ/kg per reinforced sample. G13 G11 Figure 7 . Load-displacement curves of I type trigger tested specimens: (a) combined curve of G11 and G13 specimens with different lengths and cross-sections, (b) comparision of G14 and G18 specimens with different cross-sections.
In contrast to peak and average loads, the maximum compressive strength and specific energy decreased with growth of specimen cross-sectional sizes as indicated in Figures 13 and 15 . For example, specimen type G5 with smallest cross-section (40 Â 40 mm) indicates the highest values of maximum compressive strength (3.43 MPa) and specific energy (12.78 kJ/kg) and one of the lowest average loads (2162 N). Stroke and Crush Force Efficiency Figure 16 includes the CFE and the SE per specimen type. The CFE is an important crushing characteristic of an energy-absorber structure. Progressive failure is featured by the higher values of the crush force efficiency, which shows a relatively uniform load throughout the compressive test. An ideal energy-absorber structure promotes CFE equal to 1 or 100%. But in a realistic progressive collapse CFE is always less than 1. As presented in Figure 16 , crush force efficiencies for specimen groups changed from 0.5 to 0.75 (some individual specimens promoted CFE more than 80%). The average value of CFE for all specimen types was 0.66 (0.51 for non-triggered and 0.7 for triggered specimens). This is a positive aspect of composite structures in crashworthiness applications, which is observed in all specimens, especially in triggered blocks.
CONCLUSION
It has been demonstrated that the triple-layered sandwich concept is a practical means of producing cost-effective sandwich structures that crush in a stable, progressive manner with high crush force efficiency. Based on the axial crushing test results and the preceding discussion, the following conclusions can be made:
1. Average value of CFE for all specimen types was 0.66 (0.51 for non-triggered and 0.7 for triggered specimens). 2. The triple-layered sandwich concept is a soft energy-absorber means with good level of energy absorption. Specific energy absorptions up to 12.78 kJ/kg were recorded. 3. For the specimens with no trigger, the initial peak force, P max , was higher than that of corresponding triggered specimens. 4. In constrast to energy absorption, the compressive peak and average load values are not dependent on the specimen length. 5. V type and I type specimens with similar sizes have almost similar peak and average loads.
In the end, high values of CFE and SAE are desired features of composite materials in crashworthiness applications which are observed in all specimens especially in triggered blocks. 
NOMENCLATURE
